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NOTICES -.. 
' 1  ' 

T h i s  r e p o r t  was p r e p a r e d  as a n  a c c o u n t  of Government-sponsored 
work. Neither t h e  Uni ted  S t a t e s  no r  t h e  N a t i o n a l  A e r o n a u t i c s  
a n d  Space A d m i n i s t r a t i o n  (NASA), n o r  any  p e r s o n  a c t i n g  on b e h a l f  
of NASA: 

A )  Makes any w a r r a n t y  or r e p r e s e n t a t i o n ,  e x p r e s s e d  or 
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  comple t eness  
or u s e f u l n e s s  of t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  or t h a t  the u s e  of any i n f o r m a t i o n ,  a p p a r a t u s ,  
method, or" p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  
i n f r i n g e  p r i v a t e l y  -owned r i g h t s  ; o r  

B )  Assumes any  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t he  use of 
or f o r  damages r e s u l t i n g  f rom the u s e  of any  i n f o r -  
ma t ion ,  a p p a r a t u s ,  method or p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  used  above ,  "person a c t i n g  on b e h a l f  of NASA" i n c l u d e s  any  
employee or c o n t r a c t o r  of NASA, or employee of s u c h  c o n t r a c t o r ,  
t o  t h e  e x t e n t  t h a t  s u c h  employee o r  c o n t r a c t o r  of NASA, or e m -  
p l o y e e  of such  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  
a c c e s s  t o  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  NASA, or h i s  employment w i t h  s u c h  c o n t r a c t o r .  

D i s semina t ion  o u t s i d e  the  c o n t r a c t i n g  government agency  o r  t o  
r e c i p i e n t s  o t h e r  t h a n  Government Defense  c o n t r a c t o r s  n o t  
a u t h o r i z e d .  

Reques t  f o r  c o p i e s  of t h i s  r e p o r t  s h o u l d  b e  r e f e r r e d  t o :  

N a t i o n a l  A e r o n a u t i c s  and  Space A d m i n i s t r a t i o n  
Off i c e  of S c i e n t i f i c  and  T e c h n i c a l  I n f o r m a t i o n  
Washington, D .  C .  20025 
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SUMMARY 

Of f i v e  p o s s i b l e  sys tems i n v e s t i g a t e d  t o  produce H2 from 
Aerozine-50, t h r e e  have been  t e s t ed  i n  long-term,  con t inuous  
r u n s .  A m u l t i p l e  r e a c t o r  s team re fo rmer  c o n s i s t i n g  of  a 450°C 
p r e r e a c t o r ,  750°C reformer,  and a CO s h i f t  r e a c t o r  was o p e r a t e d  
f o r  1000 hours  a t  a H2 e f f i c i e n c y  above 95$. Enough H 2  was 
produced by t h i s  u n i t  to c o n t i n u o u s l y  s u p p l y  a f u e l  c e l l  of more 
t h a n  24 watts.  

A l o w  t e m p e r a t u r e  ( 3 0 " C ) l i q u i d  phase  r e a c t o r  was t e s t ed  f o r  
700  hour s  u n t i l  a c a t a l y s t  p l u g  b locked  the  p i p i n g  l e a d i n g  from 
t h e  r e a c t o r  and caused  a r u p t u r e .  This u n i t  decomposed 50% of 
t h e  N2H4 i n  t h e  i n p u t  Aerozine-50 t o  H2 i n i t i a l l y ,  b u t  g r a d u a l l y  
d e c l i n e d  i n  per formance .  The u s e f u l n e s s  o f  t h i s  approach  w i t h  

1 
I p r e s e n t  c a t a l y s t s  i s  q u e s t i o n a b l e .  

The  i n t e r m e d i a t e  t empera tu re  (450°C) steam r e f o r m e r  a c t u a l l y  
was t h e  p r e r e a c t o r  i n  the m u l t i p l e  r e a c t o r  u n i t .  T h i s  r e a c t o r  
o p e r a t e d  a t  35% H2 e f f i c i e n c y  i n i t i a l l y ,  b u t  o v e r  1000 hours  
d e c l i n e d  i n  e f f i c i e n c y  to 11 + 3%. T h i s  d rop  i n  performance 
caused  v e r y  l i t t l e  d e c l i n e  in-the o v e r a l l  sys tem e f f i c i e n c y  of  
t h e  m u l t i p l e  r e a c t o r  u n i t ,  b u t  does i n d i c a t e  that  t h e  u s e f u l n e s s  
of  a s i n g l e  450°C r e a c t o r  i s  q u e s t i o n a b l e .  

The N204 decomposer ( w i t h  2% P t  c a t a l y s t )  was o p e r a t e d  f o r  
1000 hours  a t  800°C w i t h  few problems.  
the  c o n v e r s i o n  e f f i c i e n c y  was 99% i n i t i a l l y  b u t  dropped to 80-85$ 
a f t e r  80 h o u r s .  
u o u s l y  s u p p l y  a 24-watt  f u e l  c e l l .  

With N204 f e d  a t  20g/hour, 

Enough O 2  was produced by t h i s  u n i t  t o  c o n t i n -  

The o p e r a t i o n  of a l/3 f't2 N2O4 ca thode  was demonst ra ted  
a f t e r  many mechanica l  problems were s o l v e d .  T h i s  ca thode  
produced 22 watts a t  a coulombic e f f i c i e n c y  of  27% at  30 amperes 
t o t a l  c u r r e n t .  T h i s  i s  n e a r l y  an o r d e r  of  magni tude improvement 
o v e r  r e s u l t s  r e p o r t e d  p r e v i o u s l y .  The improvement can  be a s c r i b e d  
to a new r e a c t a n t  f l o w  p l a t e  d e s i g n .  

S i m i l a r  r e s u l t s  have no t  been  o b t a i n e d  w i t h  Aerozine-50 
anodes .  S e v e r a l  new e l e c t r o d e  types  have been t r i e d ,  b u t  none 
has performed s a t i s f a c t o r i l y .  
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I. INTRODUCTION 

A .  RACKaROUND 

The o b j e c t i v e  of t h i s  r e s e a r c h  i s  t o  deve lop  f u e l  c e l l  
sys tems o p e r a t i n g  on s t o r a b l e  r o c k e t  p r o p e l l a n t s  as p r imary  or 
secondary  r e a c t a n t s .  

The p r e s e n t  c o n t r a c t  c a l l s  for t h e  i n v e s t i g a t i o n  and  
development of c e l l s  o p e r a t i n g  on gaseous  N 2 0 4  and Aeroz ine -50  
as  d i r e c t  r e a c t a n t s ,  and for a r e f o r m i n g  c a p a b i l i t y  to u s e  t h e s e  
r e a c t a n t s  t o  produce 02- and  H2-rich f e e d s t r e a m s  f o r  f u e l  c e l l s .  
The c o n s t r u c t i o n  and  o p e r a t i o n  of working r e f o r m e r s  and  c e l l s  
are t h e  o b j e c t i v e s  of t h i s  work. Mork on p r i o r  c o n t r a c t s  i n  
t h i s  i n v e s t i g a t i o n  has been p u b l i s h e d  ( r e f .  1 and 2 ) .  

B. PROGRAM ORGANIZATION 

The p r o j e c t  c o n s i s t s  of t h r e e  p h a s e s ,  t o  be per formed 
rough ly  i n  s e r i e s .  The o v e r a l l  work p l a n  shown i n  F i g u r e  1 
i l l u s t r a t e s  the major  t a s k s  t o  be per formed.  
p l a n s  for Phase I were i l l u s t r a t e d  i n  p r e v i o u s  r e p o r t s .  Working 
p l a n s  for Phase I1 are shown i n  F i g u r e  2. 

D e t a i l e d  working 

C .  SCOPE OF THIS REPORT 

T h i s  r e p o r t  c o v e r s  work done t o  complete  Phase I and  to 
b e g i n  Phase 11. The f o l l o w i n g  Phase I tasks are r e p o r t e d  h e r e ;  
a l l  o t h e r s  are  c o n s i d e r e d  completed:  

(1) 1000-Hour T e s t  on Aeroz ine-50  Steam Reformer.  

( 2 )  

( 3 )  

( 4 )  C h a r a c t e r i z a t i o n  of 1/3 f t 2  N204 c a t h o d e s  - d i r e c t  

Long-term t e s t i n g  of low t e m p e r a t u r e  Aeroz ine-50  
decomposer e 

1000-Hour T e s t  of N 2 0 4  c a t a l y t i c  r e a c t o r .  

r e a c t a n t  u s e .  

(5 )  Development of Aerozine-50  anodes  - d i r e c t  r e a c t a n t  
u s e .  

( 6 )  Development of a n a l y t i c a l  p r o c e d u r e s .  

The f o l l o w i n g  Phase I1 t a s k s  a r e  d i s c u s s e d :  

(1) The d e m o n s t r a t i o n  of a n  N 2 H 4  vapor  e l e c t r o d e .  

1 
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( 2 )  

( 3 )  

The f e a s i b i l i t y  of s e p a r a t i n g  N2H4 from Aerozine-50.  

The c o n s t r u c t i o n  of H2/02 h a l f  c e l l  t e s t i n g  f a c i l i t y .  

4 



11. PHASE I, TASK I. AEROZINE-50 REFORMING STUDIES 

A .  BACKGROUND 

The o b j e c t i v e  of t h i s  task i s  t o  produce i n  a s imple  
c a t a l y t i c  f l o w  r e a c t o r  a hydrogen- r i ch  f u e l  c e l l  f e e d  stream 
from a 50 w t - %  N 2 H 4 ,  50  w t - $  UDMH (Aeroz ine -50)  feed  stream 
a t  a maximum e f f i c i e n c y  and  a t  r e a s o n a b l y  low t e m p e r a t u r e s .  

F i v e  sys tems have been  i n v e s t i g a t e d  t h a t  a l l o w  t r a d e o f f s  
between H2 e f f i c i e n c y ,  t empera tu re ,  s i m p l i c i t y ,  and  t h e  
compos i t ion  of t h e  o u t p u t  s t r e a m .  These are  (1) low t e m p e r a t u r e ,  
i i q u i d  phase  c a t a l y t i c  decomposi t ion ;  ( 2 )  i n t e r m e d i a t e  tempera-  . 

t u r e  (450°C) steam reforming;  (3 )  i n t e r m e d i a t e  t e m p e r a t u r e  steam 
re fo rming  f o l l o w e d  by a n  N H 3  decomposer; (4) h i g h  t e m p e r a t u r e  
(600-800 C )  steam re fo rming ;  and (5)  high t e m p e r a t u r e  steam 
r e f o r m i n g  w i t h  a C O  s h i f t  r e a c t o r .  A s  shown i n  p r e v i o u s  r e p o r t s ,  
e a c h  sys t em was developed  to the p o i n t  where a d e t e r m i n a t i o n  of  
i t s  f e a s i b i l i t y  was p o s s i b l e .  Based on t h e s e  t e s t s  t h r e e  
sys t ems  were chosen f o r  long- te rm t e s t i n g :  (1) the  low tempera-  
t u r e  decomposer,  ( 2 )  i n t e r m e d i a t e  t e m p e r a t u r e  steam r e f o r m i n g ,  
a n d  (3) h i g h  t e m p e r a t u r e  steam re fo rming  w i t h  C O  s h i f t .  Work 
t h i s  q u a r t e r  i n v o l v e d  the long- te rm t e s t i n g  of these sys t ems .  

B. LOW TEMPERATURE, LIQUID PHASE DECOMPOSITION 

Decomposi t ion a t  a t m o s p h e r i c  p r e s s u r e  a n d  30-50"C i s  
p o t e n t i a l l y  the  s i m p l e s t  a n d  most s t r a i g h t - f o r w a r d  method of 
p r o d u c i n g  H a  f rom l i q u i d  Aeroz ine-50 .  Only the N 2 H 4  component 
of t he  f u e l  can make s i g n i f i c a n t l y  large c o n t r i b u t i o n s  t o  H 2  
p r o d u c t i o n ,  and  t h i s  l i m i t s  t h e  e f f i c i e n c y  t o  a maximum of  
32% ' 

P o t e n t i a l  c a t a l y s t s  s e l e c t e d  f rom a n  i n i t i a l  b a t c h  
s c r e e n i n g  program were f u r t h e r  t e s t e d  i n  a t u b u l a r ,  c o n t i n u o u s  
f l o w ,  i i q u i a  phase  r e a c t o r .  'I'he r e a c t o r  c o n s i s t s  of a 2 - f t  
l e n g t h  of  1 /2 - in .  d i a m e t e r  s t a i n l e s s  s t e e l  t u b i n g ,  which 
c o n t a i n s  t h e  c a t a l y s t  bed.  The r e a c t o r  t ube  i s  e n c l o s e d  i n  a 
water j a c k e t  t h a t  i s  f e d  f rom a t h e r m o s t a t i c a l l y  c o n t r o l l e d  
water b a t h .  The f e e d  s t o c k  i s  d e l i v e r e d  t o  t h e  r e a c t o r  by a 
c a l i b r a t e d ,  p o s i t i v e  d i s p l a c e m e n t  m e t e r i n g  pump. A schemat i c  
d i ag ram of  t h e  equipment  i s  shown i n  F i g u r e  3. 

I n i t i a l  t e s t s  of 4 t o  6 hour s '  d u r a t i o n  were per formed on 
the  b e s t  c a t a l y s t s  found i n  t h e  b a t c h  s c r e e n i n g  program; the  
r e s u l t s  of t h e s e  t e s t s  were summarized i n  p r e v i o u s  r e p o r t s  
( r e f .  3, 4 ,  5 ) .  Two c a t a l y s t s ,  an MRC-developed Rh b l a c k  on a 
s p e c i a l  s u p p o r t ,  a n d  a commercial r e d u c e d ,  s t a b i l i z e d  N i  on 
K i e s e l g u h r  ( G i r d l e r  T325) ,  were promis ing  enough f o r  l o n g e r  
t e r m  t e s t s .  

5 
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The Rh c a t a l y s t  was found to d e c l i n e  i n  a c t i v i t y  ra ther  
s h a r p l y  over  s e v e r a l  days ,  when Aerozine-50 was t h e  f e e d  s t o c k .  
A f u r t h e r  t e s t  was made i n  which an N 2 H 4 - H 2 0  s o l u t i o n  was used  
as  t h e  f e e d  s t o c k .  T h i s  t e s t ,  which was s t i l l  i n  p r o g r e s s  a t  
t h e  end of the l a s t  q u a r t e r l y  r e p o r t  p e r i o d ,  was ended a t  74 
h o u r s .  A t  t h e  end of t he  t e s t  t h e  hydrogen e f f i c i e n c y  was s t i l l  
6% (based  on the N 2 H 4  c o n t e n t )  i n d i c a t i n g  no . d e t e r i o r a t i o n  o f  
c a t a l y s t  a c t i v i t y  had o c c u r r e d .  T h i s  seems t o  c o n f i r m  the  
s u s p i c i o n  t h a t  t h e  UDMH p o r t i o n  of Aeroz ine-50  or r e a c t i o n  
p r o d u c t s  of UDMH are  t h e  cause  of d e t e r i o r a t i o n  of c a t a l y s t  
a c t i v i t y .  T h i s  p o i s o n i n g  e f f e c t  i s  lower  at lower  t e m p e r a t u r e s ,  
b u t  the  rate of decomposi t ion  to H2 i s  a l s o  l o w e r ,  n e c e s s i t a t i n g  
la rger  c a t a l y s t  volumes or weigh t s .  

Long-term i n v e s t i g a t i o n s  were t h e n  r u n  w i t h  G i r d l e r  T-325 
c a t a l y s t  ( r educed ,  s t a b i l i z e d  n i c k e l  i n  K i e s e l g u h r )  t h a t  had 
p r e v i o u s l y  g i v e n  58% HE e f f i c i e n c y  based  on t h e  N2H4 p o r t i o n  
of  t h e  Aeroz ine-50  d u r i n g  a 20-hour t e s t  p e r i o d  a t  30°C. A t  
t e m p e r a t u r e s  h ighe r  t h a n  35°C t h i s  c a t a l y s t  had d e c l i n e d  i n  
a c t i v i t y .  

A t e s t  of 1 2 5  h o u r s  d u r a t i o n  (see Tab le  1) w i t h  a n  
Aerozine-50/H20 s o l u t i o n  (62.5$ Aerozine-50 by weight )  was made. 
The h i g h e s t  e f f i c i e n c y  was 66.@ based on N2H4.e A f t e r  86 hour s  
the e f f i c i e n c y  was s t i l l  64%. However, a f t e r  t h i s  p e r i o d ,  s low 
d e t e r i o r a t i o n  s t a r t e d ,  r e s u l t i n g  i n  5% e f f i c i e n c y  a f t e r  124 
h o u r s .  

. -. 

The d e t e r i o r a t i o n  was due to lower  r a t e s  of N2H4 decomposi- 
t i o n ,  r a t h e r  than  N H 3  f o r m a t i o n ,  as has p r e v i o u s l y  been no ted  i n  
t h i s  work. 

of ( N 2 H 4  yas ~ H 2 S 0 4  p r e c i p i t a t e  formed. 
p r o d u c t  

T h i s  was shown by the c o n s t a n t  H2/N2  r a t i o  i n  t he  
, and  a l s o  by q u a l i t a t i v e  i n f o r m a t i o n  on the  amount 

Based on these  r e s u l t s ,  t h e  Gi rd le r  T-325 c a t a l y s t  was 
chosen  for t h e  1000-hour t e s t  on t h i s  system.. Aerozine-50 
( w i t h o u t  H20) was f e d  t o  t h e  r e a c t o r  a t  a r a t e  5% h i g h e r  
t h a n  i n  t he  p r e v i o u s  t e s t .  It was found n e c e s s a r y  t o  purge 
the r e a c t o r  w i t h  H 2 0  a t  the start of t h e  t e s t  t o  a v o i d  p o i s o n i n g  
t h e  c a t a l y s t  by the  h i g h l y  exothermic  r e a c t i o n  caused  by t h e  
sudden i n g r e s s  of t h e  f u e l .  O v e r  a p e r i o d  of 1 day t h e  HzO was 
d i s p l a c e d  by t h e  Aeroz ine-50  and the r e a c t o r  r e a c h e d  a s t e a d y  
s ta te  a 

T h i s  t e s t  r a n  c o n t i n o u s l y  for 700 hour s  u n t i l  t h e  r e a c t o r  
t u b e  r u p t u r e d  because  of a n  u n r e l i e v e d  o v e r - p r e s s u r e .  Tab le  2 
g i v e s  a comple te  h i s t o r y  of t h e  700-hour t e s t .  The maximum H 2  
e f f i c i e n c y  (based  on N 2 H 4 )  of 56.5% was r e a c h e d  a t  3 0 . 6 " ~ ,  a f t e r  
49 h o u r s .  From t h e n  on a slow d e t e r i o r a t i o n  o c c u r r e d  u n t i l  t he  
e f f i c i e n c y  r e a c h e d  32.3% a t  316 hours .  
e f f i c i e n c y  was p r i m a r i l y  caused  by incomple t e  N2H4 decomposi t ion  

A t  t h a t  t i m e  t he  low 
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r a the r  t h a n  NH3 f o r m a t i o n  e 

ra i sed  i n  small s t e p s  i n  a n  a t t e m p t  to i n c r e a s e  e f f i c i e n c d e s .  
It was found tha t  t h e  r e a c t i o n  r a t e  would i n c r e a s e  f o r  a t i m e  
a f t e r  e a c h  i n c r e a s e  i n  t e m p e r a t u r e ,  b u t  would then  d e c l i n e  
again.  F i n a l l y  a t  7 0 0 . h o u r s ,  a r a t e  e q u a l  to 37.@ was found 
a t  45.6"C. However, n e a r l y  a l l  t h e  N 2 H 4  was decomposed, 
i n d i c a t i n g  t h a t  a s h i f t  toward NH3 f o r m a t i o n  had a l s o  o c c u r r e d  
a t  t h e  h igh  t e m p e r a t u r e .  
VPC r a t i o  o c c u r r i n g  a t  45.6"C. 

The t e m p e r a t u r e  was s u b s e q u e n t l y  

T h i s  w a s  conf i rmed by t h e  lower H2/N2  

S h o r t l y  a f t e r  T O O  hour s ,  d u r i n g  o v e r n i g h t  o p e r a t i o n ,  t h e  
r e a c t o r  b u r s t .  T h i s  was e v i d e n t l y  caused  by d e t e r i o r a t i o n  of 
the  c a t a l y s t ,  which p lugged  t h e  r e a c t o r ,  presumably a t  t h e  
r e d u c t i o n  j o i n t  f rom 1/2  i n c h  to 1/4 i n c h  t u b i n g  a t  t h e  r e a c t o r  
end .  The p r e s s u r e  b u i l d - u p  caused  the  200 p s i g  r u p t u r e  d i s k  t o  
blow. T h i s  shou ld  have saved  t h e  r e a c t o r  t ube  f rom r u p t u r e .  
However, i t  seems l i k e l y  t h a t  when the r u p t u r e  d i s k  b u r s t ,  the  
c a t a l y s t  p l u  ged t h e  bot tom o f  the  r e a c t o r  t u b e  a t  t h e  r e d u c t i o n  
j o i n t  f rom 172 i n c h  to 1/8 i n c h  s i z e ,  c a u s i n g  the  r e a c t o r  t o  p l u g  
a t  b o t h  e n d s .  
c a t a l y s t  bed t h u s  o c c u r r e d  i n  a s e a l e d  t u b e ,  which e v e n t u a l l y  
r u p t u r e d .  

The decomposi t ion  of Aeroz ine-50  l e f t  i n  t h e  

It i s  e v i d e n t  f rom the data g e n e r a t e d  d u r i n g  t h i s  t e s t  t h a t  
t h e  Ni-base c a t a l y s t  u sed  w i l l  n o t  be  s a t i s f a c t o r y  f o r  t h i s  
a p p l i c a t i o n  b o t h  because  of i t s  p h y s i c a l  d i s i n t e g r a t i o n  and ,  
more i m p o r t a n t l y ,  because  of i t s  l o s s  i n  a c t i v i t y  i n  l ong- t e rm 
t e s t i n g .  Accord ing ly ,  a s h o r t  s c r e e n i n g  program was i n i t i a t e d  
i n  a n  a t t e m p t  to f i n d  a more a c t i v e  c a t a l y s t .  The f o l l o w i n g  
c a t a l y s t s  were t e s t e d  f o r  s h o r t  p e r i o d s  (1 to 2 d a y s )  i n  t h e  
r e a c t o r :  

Harshaw Zn0701 (24% ZnO on a c t i v a t e d  a l u m i n a )  

G i r d l e r  G-47 (Fe203; s u p p o r t  unknown) 
11  

I I  G-49B (Reduced, s t a b i l i z e d  N i  on K i e s e l g u h r ) .  

G-49A (Reduced, s t a b i l i z e d  N i  on K i e s e l g u h r )  

None o f  t h e s e  c a t a l y s t s  showed a n y  advan tage  over  the  T-325 
c a t a l y s t  . 

F u r t h e r  c a t a l y s t  s c r e e n i n g  was done i n  t h e  small b a t c h  
r e a c t o r  d e s c r i b e d  i n  p r e v i o u s  r e p o r t s  ( r e f .  3 ) .  I n  t h i s  
r e a c t o r  smaller amounts of c a t a l y s t  c o u l d  be used  a n d  the  
s c r e e n i n g  t e s t s  c o u l d  be run  much more r a p i d l y .  L i q u i d  
Aeroz ine -50  i s  added dropwise i n t o  a t h e r m o s t a t e d  f l a s k  c o n t a i n -  
i n g  t h e  c a t a l y s t .  The volume of  gas produced i s  measured and  a 
sample i s  t a k e n  f o r  VPC a n a l y s i s .  R a t i o s  of H2/Na s u b s t a n t i a l l y  
lower  t h a n  2 : l  i n  t h e  sample i n d i c a t e  NH3 f o r m a t i o n .  The r e s u l t s  
of t h e s e  t e s t s  are p r e s e n t e d  i n  Table  3. 



. 
T a b l e  3 

CATALYST SCREENING RESULTS FOR DECOMPOSITION OF AEROZWE-~O 
T e m p e r a t u r e :  30°C.  

Mple $ Mole $ 
C a t a l y s t  a n d  S u p p o r t  E2 h Act  i v  i tx C ommen t s 

P t  on c a r b o n  s u b s t r a t e  
R h  on c a r b o n  s u b s t r a t e  
Rh b l a c k  powder 
Harshaw Ni-W s u l f i d e  

5 component p r e c i o u s  
( p e l l e t s )  

metal a l l o y  c a t a l y s t  
on c a r b o n  s u b s t r a t e  

NIB c a t a l y s t  
Ir on c a r b o n  s u b s t r a t e  
Ru on c a r b o n  s u b s t r a t e  

Cu chel.ate of e t h y l e n e  
B i s d i t  h i o c a r b a m a t e  

58.3 
69 .4  
69.5 
- 

61.3 

1.1 
9.7 

- 

- 

40.2 
30.6 
3 0 . 5  

- 

38.7 

98.9 
89.9 

- 

low a c t i v i t y  some NH3 
a c t i v e  l i t t l e  N H 3  
a c t i v e  

i n a c t i v e  

v e r y  a c t i v e  s l i g h t  amourit NIla 

i n a c t i v e  
v e r y  a c t i v e  m o s t l y  t o  N H 3  
a c t i v e  m o s t l y  t o  N H 3  

n o  a c t i v i t y  

Co chelate of e t h y l e n e  

N i ,  chelate of p ,pc  

B i s  d i t  h i o c a r b a m a t e  - - no a c t i v i t y  

d i p h e  ny l e  ne  
B i s d i t h i o c a r b a m a t e  - - no a c t i v i t y  

Cu c h e l a t e  of hexa-  
me t h y  l e  ne 
B i s d i t h i o c a r b a m a t e  - - no ac t iv i t , ; :  
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The che la te  c a t a l y s t s  were t r i e d  because  of p u b l i s h e d  
r e p o r t s  of h i g h l y  s p e c i f i c  c a t a l y t i c  e f f e c t s  w i t h  N2H ( r e f .  6 ) .  
They were c a r e f u l l y  p r e p a r e d  by  p u b l i s h e d  t e c h n i q u e s  ?.ref. 7,  8 ) ,  
washed w i t h  p y r i d i n e  t o  remove s o l u b l e  p o r t i o n s ,  and  vacuum 
d r i e d  b e f o r e  t e s t i n g .  The s ingle-component  p r e c i o u s  metal  
c a t a l y s t s  were made from s t a n d a r d  commercial  b l a c k s  i n c o r p o r a t e d  
i n  o u r  MRD-carbon/catalyst  e l e c t r o d e s  which were s u b s e q u e n t l y  
c u t  up i n t o  small s q u a r e s  f o r  t e s t ing .  The NiB and  t h e  5-com- 
ponent  a l l o y  were made i n  our  l a b o r a t o r y .  The Harshaw NX 
c a t a l y s t  was a commercial  p r o d u c t .  

The o n l y  new c a t a l y s t  showing any  promise i n  these t e s t s  
was t h e  5-component p r e c i o u s  m e t a l  a l l o y " .  Even t h i s  c a t a l y s t  
d i d  n o t  demons t r a t e  any advan tage  ove r  t he  p r e v i o u s l y  t e s t e d  Rh 
c a t a l y s t  i n  t h i s  s h o r t - t e r m  t e s t i n g .  

C .  H I G H  TEMPERATURE SYSTEMS 

Long-term t e s t i n g  on b o t h  t h e  i n t e r m e d i a t e  t e m p e r a t u r e  and  
t h e  h i g h  t e m p e r a t u r e  steam r e f o r m e r s  w a s  done i n  a s i n g l e  
e x p e r i m e n t a l  s e t - u p ;  t h e  i n t e r m e d i a t e  t e m p e r a t u r e  r e f o r m e r  
e s s e n t i a l l y  s e r v e d  as a p r e - r e a c t o r  f o r  t h e  h i g h  t e m p e r a t u r e  
r e f o r m e r ,  which, i n  t u r n ,  f e d  the  C O  s h i f t  r e a c t o r .  A 
s c h e m a t i c  d iagram of t h e  equipment  i s  shown i n  F i g u r e  4 .  P r e -  
l i m i n a r  t e s t i n g  was r e p o r t e d  i n  our p r e v i o u s  q u a r t e r l y  r e p o r t  
( re f .  6q. 
m o d i f i c a t i o n s  were made. These m o d i f i c a t i o n s  i n c l u d e d :  

Befo re  the  s t a r t  of t h e  1000-hour t e s t ,  s e v e r a l  

(1) A s a f e t y  d e v i c e  t o  s h u t  down the sys t em i f  hoods 
were t o  f a i l .  

( 2 )  Tempera ture  c o n t r o l  t o  s h u t  down the  sys t em if 

(3)  A s a f e t y  d e v i c e  to s h u t  down sys t em i n  c a s e  of 

r e a c t o r s  shou ld  go o u t  of c o n t r o l .  

f i r e .  

(4) A m o d i f i c a t i o n  of sys tem to p e r m i t  stream com- 
p o s i t i o n  d e t e r m i n a t i o n  a f t e r  the f i r s t  r e a c t o r .  

( 5 )  A second r u p t u r e  d i s k  b y p a s s i n g  the s o l e n o i d  
v a l v e  c o n t r o l l i n g  t h e  back p r e s s u r e  i n  r e a c t o r  1. 

* Developed u n d e r  a company-sponsored program. 
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(6) B e t t e r  t e m p e r a t u r e  c o n t r o l  and measurement on t h e  
C O  s h i f t  r e a c t o r .  

( 7 )  A t h i r d  r u p t u r e  d i s k  i n s t a l l e d  i n  t h e  i n l e t  s i d e  
of r e a c t o r  2 t o  v e n t  i n  c a s e  of b lockage  i n  p i p i n g  
l e a d i n g  t o  r e a c t o r  ( i n s t a l l e d  midway i n  1000-hour 
t e s t ) .  

The 1000-hour t e s t  was s t a r t e d  16 December 1965. The 
comple te  h i s t o r y  of t h i s  t e s t  i n c l u d i n g  o p e r a t i n g  p a r a m e t e r s  i s  
r e p o r t e d  i n  Table  4., and  the  d e t a i l s  on e a c h  a n a l y t i c a l  
d e t e r m i n a t i o n  are  i n c l u d e d  i n  Appendix I. The modest d e c r e a s e  
i n  H2 e f f i c i e n c y  ( f rom 98.7% to 95.6%) ove r  the l2fe  of t h e  
t e s t  was caused  by s l i g h t  d e c r e a s e s  i n  NH3 decomposi t ion  and i n  
steam r e f o r m i n g  ( C H 4  c o n t e n t  h i g h e r ) .  A f t e r  1000 h o u r s  t he  NH3 
i n  the o u t p u t  stream cor re sponded  t o  on ly  3% of a v a i l a b l e  
n i t r o g e n ,  a n d  t h e  C H 4  c o n t e n t  to 2.4% of a v a i l a b l e  ca rbon .  The 
t h e o r e t i c a l  e q u i l i b r i u m  composi t ion  l i s t e d  a t  t h e  bot tom of  
Tab le  4 ,  was c a l c u l a t e d  by a computer program (Appendix 11). 
The f i n a l  o u t p u t  compos i t ion  i s  very c l o s e  to t h e  t h e o r e t i c a l  
v a l u e s  a n d  i n d i c a t e s  that  near  e q u i l i b r i u m  c o n d i t i o n s  were 
o b t a i n e d  even a f t e r  1000 hour s  of t e s t i n g .  

The H2 e f f i c i e n c y  of the f i r s t  r e a c t o r  ( a t  450°C) a t  the 
s ta r t  of t he  t e s t  was 35$., 
50 h o u r s  and  s u b s e q u e n t l y  to 11 + 3% a t  1000 hour s .  However, 
t h e  a b i l i t y  of t h e  h igh  t empera tu re  r e a c t o r  t o  a c c e p t  a large 
v a r i a t i o n  i n  compos i t ion  of the f e e d  stream i s  shown by the  
f a c t  t h a t  t h e  o v e r a l l  sys tem e f f i c i e n c y  d e c l i n e d  v e r y  l i t t l e .  
T h i s  i s  a n  i n d i c a t i o n  of t h e  r e l i a b i l i t y  t h a t  c o u l d  be o b t a i n e d  
i n  s u c h  a m u l t i p l e  r e a c t o r  sys t em.  

The e f f i c i e n c y  d e c l i n e d  to 28$ a f t e r  

Three equipment  problems were encoun te red  d u r i n g  t h e  t e s t  
p e r i o d  t h a t  r e q u i r e d  s h o r t - t e r m  s h u t  down's  of the sys tem.  
The down t i m e  was s u b s t r a c t e d  from the  t o t a l  r u n n i n g  t i m e .  At 
about, 500 hoii rs  a b lockage  occur red  i n  the 1 /4  i n .  t u b i n g  
e n t e r i n g  the  800"c r e a c t o r .  The b lockage  was due t o  carbon 
d e p o s i t i o n  i n  a n  area where the  gas  stream passed  t h r o u g h  a 
la rge  thermal  g r a d i e n t .  T h i s  p a r t i c u l a r  p i e c e  of t u b i n g  had 
been i n  s e r v i c e  th roughou t  t he  screening  t e s t s .  Thus the  
amount of carbon d e p o s i t i o n  i n  1000-hour t e s t  canno t  be 
d e t e r m i n e d .  I n  a n  i n t e g r a l  r e a c t o r ,  no such  b lockage  c o u l d  
o c c u r  i f  t he re  were no p i p i n g  c o n s t r i c t i o n s  l e a d i n g  t o  t h e  high 
t e m p e r a t u r e  r e a c t o r .  

A t  580 h o u r s  a n o t h e r  b lockage  o c c u r r e d ,  t h i s  t i m e  due t o  a 
b u i l d  up of ZnO i n  t he  condenser  t h a t  c o o l s  t h e  p r o d u c t s  f rom 
t h e  f i r s t  r e a c t o r .  We do  not b e l i e v e  the  ZnO c a t a l y s t  i n  t h e  
r e a c t o r  w a s  p h y s i c a l l y  d i s i n t e g r a t i n g  s i n c e  no e v i d e n c e  of t h i s  
was found when the  c a t a l y s t  was examined a f t e r  comple t ion  of t h e  
t e s t .  Since no b lockage  o c c u r r e d  i n  t h e  l i n e  l e a d i n g  t o  the  
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condense r ,  i t  i s  p o s s i b l e  t h a t  t h e  material was car r ied  t o  the 
condense r  as Zn vapor ,  which condensed and  t h e n  w a s  o x i d i z e d  to 
ZnO by H20. It has  been s u g g e s t e d  by o t h e r s  ( r e f .  9) t h a t  H2 
a n d  G O  can  r educe  ZnO t o  Zn, which h a s  a much h igher  vapor  
p r e s s u r e  t h a n  ZnO. Even though t h e  p r e s e n c e  of H 2 0  i n  t h e  
r e a c t o r  s h o u l d  p r e v e n t  t h i s  r e a c t i o n ,  nonhomogenous areas i n  
t h e  r e a c t o r  bed  may e x i s t ,  and  e v e n t u a l l y  enough Zn c o u l d  be  
produced and  c a r r i e d  away t o  cause  t h e  b l o c k a g e .  I n  a n  i n t e g r a l  
r e a c t o r  no b lockage  would occur  if the stream were i n i t i a l l y  
c o o l e d  i n  a r e l a t i v e l y  large d iame te r  t u b e .  The amount of ZnO 
lost f rom t h e  r e a c t o r  by t h i s  p r o c e s s  i s  a c t u a l l y  i n f i n i t e s i m a l  
and  would have no e f f e c t  on t h e  r e a c t o r  per formance .  

The pumping of t h e  Aerozine-50-water  s o l u t i o n  i n t o  t h e  
r e a c t o r  sys t em h a s  been d i f f i c u l t  w i t h  the  s m a l l  i n p u t  ra tes  
used .  A t  f i r s t  t h e  pump c o u l d  no t  be k e p t  r u n n i n g  f o r  l o n g e r  
t h a n  15 t o  20 hour s .  A p p a r e n t l y ,  s l i g h t  N 2 H 4  decomposi t ion  
t a k e s  p l a c e  on the  walls of t h e  i n l e t  t u b i n g  a n d  i n  t h e  pump 
i t s e l f .  A t  t h e  low pumping ra te ,  t h i s  c a u s e s  a gas b i n d  i n  t h e  
pump, a n d  n o  l i q u i d  i s  t r a n s f e r r e d .  The f u e l  sys tem has been 
mod i f i ed  t o  e l i m i n a t e  most of t h e  decomposi t ion  p r o d u c t s  b e f o r e  
t h e y  get t o  t h e  pump, and  48 t o  64 hours  of o p e r a t i o n  are now 
p o s s i b l e  w i t h o u t  pump s toppage .  However, t he  i n p u t  ra te  
g r a d u a l l y  d e c r e a s e s  w i t h  time from 21.5ml/hr t o  19.5ml/hr ove r  
t h i s  p e r i o d .  T h i s  c a u s e s  d i f f i c u l t y  i n  a n a l y z i n g  H e  e f f i c i e n c y .  

D.  TASK STATUS 

T h i s  t a s k  i s  c o n s i d e r e d  complete and  no f u r t h e r  work is  
a n t i c i p a t e d .  We have demonst ra ted  a combined steam re fo rming-  
C O  s h i f t  r e a c t o r  s y s t e m  t h a t  produces w i t h  h i  h e f f i c i e n c y  a 
f u e l  c e l l  g a s  f e e d  stream composed of 70mole-$H2, 18mole-SN2, 
12rnole-$CO2 ( a f t e r  s e p a r a t i o n  of the e x c e s s  H 2 0 ) .  The G O  
c o n t e n t  of t h e  stream i s  0.3mole-% o r  l e s s .  T h i s  stream 
c o u l d  be f e d  d i r e c t l y  t o  a f u e l  c e l l  w i t h  a C 0 2  r e j e c t i n g  

membrane 5 . 
t h e  stream c o u l d  be  u s e d  w i t h  any f u e l  c e l l  e l e c t r o l y t e .  A 
GO-  t o l e r a n t  anode c a t a l y s t  s u c h  a s  t h o s e  deve loped  unde r  
a n o t h e r  MRC c o n t r a c t  ( r e f .  1 0 )  would be n e c e s s a r y .  I f  a Pd 
membrane , p u r i f i c a t i o n  u n i t  were used,  the stream c o u l d  be used  
w i t h  a n y  H 2  u t i l i z i n g  f u e l  c e l l  s i n c e  comple t e ly  pu re  Ha stream 
would r e s u l t .  

eier;ir.vl tt: - - * A  ---l-n-n+r\ n m  o o i d  inn a y p h a n m p  
0- ~ C L ~ I ~ C L  acIIu, ~ W I U V L A W Y Y  V I  --_- _ - - _ _ _ _  _ _ _  

If t h e  C 0 2  c o n t e n t  of t h e  stream were scrubbed  o u t ,  

The r e s u l t s  w i t h  t h e  l i q u i d  phase r e a c t o r  are  n o t  as 
p r o m i s i n g  because  of t he  d r o p  i n  e f f i c i e n c y  e x p e r i e n c e d  w i t h  
t h e  b e s t  c a t a l y s t s  t e s t e d .  A f e a s i b l e  sys t em f o r  t h i s  a p p l i -  
c a t i o n  may depend upon a p e r i o d i c  r e g e n e r a t i o n  of the c a t a l y s t  
( e .g . ,  a p e r i o d i c  f l u s h  w i t h  H20), and  the development  of a 
p h y s i c a l l y  s t r o n g e r  c a t a l y s t .  The i n t e r m e d i a t e  t e m p e r a t u r e  



. 
r e a c t o r  ( t h e  p r e - r e a c t o r  i n  t h e  m u l t i p l e  s y s t e m )  a l s o  showed a 
marked d e c r e a s e  i n  performance t h a t  was due to a g r a d u a l  b u i l d -  
up of carbon d e p o s i t s  on t h e  c a t a l y s t .  T h i s  s i t u a t i o n  cou ld  
undoubtedly  be improved by h i g h e r  H20 c o n t e n t s  i n  the f e e d  
stream a n d  larger amounts of c a t a l y s t ,  

1 7  



111. PHASE I, TASK 11. DECOMPOSITION OF N2O4 

A. BACKGROUND 

The o b j e c t i v e  of t h i s  t a s k  i s  t o  decompose N2O4 by means of 
homogeneous a n d  c a t a l y t i c  r e a c t i o n s  i n  a s i m p l e  f l o w  r e a c t o r  t o  
form a n  oxygen-r ich  f e e d  stream f o r  a f u e l  c e l l .  The i n i t i a l  
work ( d e s c r i b e d  i n  p r e v i o u s  r e p o r t s )  i n v o l v e d  s c r e e n i n g  41 
c a t a l y s t s  f o r  a c t i v i t y ,  however, none were found  w i t h  any 
a c t i v i t y  below 750°C. Fol lowing  t h e  s c r e e n i n g  program, s e v e r a l  
c a t a l y s t s  were s e l e c t e d  f o r  f u r t h e r  s t u d i e s  i n  which t h e  a c t i v i t y  
was de te rmined  ove r  a more ex tended  p e r i o d .  A t  t h e  comple t ion  
of t h e s e  t e s t s  only  t h e  2% plat inum-on-alumina c a t a l y s t  r e t a i n e d  
s u f f i c i e n t  a c t i v i t y  t o  be c o n s i d e r e d  p romis ing .  The work 
accompl i shed  t h i s  q u a r t e r  i n v o l v e d  t h e  long- t e rm t e s t i n g  and  
c h a r a c t e r i z a t i o n  of  t h i s  c a t a l y s t .  

B. PRELIMINARY TESTING 

The r e a c t o r  sys t em was modi f ied  f o r  l ong- t e rm t e s t i n g .  The 
f i n a l  sys t em used  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  5. The 
o p e r a t i o n  of t h i s  r e a c t o r  i s  s i m i l a r  t o  the s c r e e n i n g  t e s t  
r e a c t o r  o p e r a t i o n  d e s c r i b e d  i n  p r e v i o u s  r e p o r t s  e x c e p t  t h a t  t h e  
r e s i d e n c e  t i m e  i n  t h i s  r e a c t o r  h a s  been quadrup led  by c o n n e c t i n g  
t h e  r e a c t o r  t u b e s  i n  s e r i e s .  

P r e l i m i n a r y  t e s t i n g  was c o n c e n t r a t e d  on d e t e r m i n i n g  t h e  
optimum o p e r a t i n g  c o n d i t i o n s  t o  be used  w i t h  t h e  Engelhard  
2% Pt-on-alumina c a t a l y s t .  
o p e r a t i o n  of t h e  sys t em d u r i n g  ex tended  c o n t i n u o u s  s e r v i c e .  
The r e s u l t s  of t h e s e  t e s t s  are  shown i n  F i g u r e  6. 

Another o b j e c t i v e  w a s  t o  check t h e  

S e v e r a l  c o n c l u s i o n s  can  be drawn f rom t h i s  t e s t i n g .  F i r s t  
i t  i s  a p p a r e n t  f rom t h e  d a t a  t h a t  the r e a c t o r  t e m p e r a t u r e  canno t  
be  r educed  much below 8 0 0 ° C  wi thou t  a d r o p  i n  c o n v e r s i o n  
e f f i c i e n c y .  A l so ,  some d e c l i n e  i n  c o n v e r s i o n  e f f i c i e n c y  w i t h  
t i m e  was n o t e d ,  i n d i c a t i n g  some r e d u c t i o n  i n  c a t a l y t i c  a c t i v i t y .  

Two o t h e r  c o n d i t i o n s  became e v i d e n t  as t h i s  t e s t  p roceeded ,  
which r e q u i r e d  some changes  i n  t h e  t e s t  methods.  A more 
a c c u r a t e  means f o r  d e t e r m i n i n g  t h e  p e r  c e n t  N204 decomposed was 
r e q u i r e d .  T h i s  was found i n  a n  a c i d  t i t r a t i o n  method u a i n g  
H202 t o  c o n v e r t  a l l  t h e  N204 t o  "03 (Appendix 111). Both 
i n p u t  a n d  o u t p u t  ra tes  were measured i n  t h i s  manner. 

The second  of these c o n d i t i o n s  i s  shown i n  F i g u r e  6,  
which i n d i c a t e s  greater  than  lo@ decomposi t ion  e f f i c i e n c i e s  
were o b t a i n e d  when t h e  feed rates were r e d u c e d .  It i s  a p p a r e n t  
t h a t  t h e  s y s t e m  had n o t  r eached  s t e a d y - s t a t e  c o n d i t i o n s  when the 
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measurements were made 
i n  t h e  r e a c t o r  sys t em i n d i c a t e s  t h a t  a l o n g  t i m e  p e r i o d  may be 
r e q u i r e d  f o r  s t e a d y - s t a t e  c o n d i t i o n s  to b e  a t t a i n e d  a f t e r  a 
change i n  t e m p e r a t u r e  or r e a c t a n t  f l o w  r a t e .  The f a c t o r s  t h a t  
p l a y  a major  r o l e  i n  t h e  s low e q u i l i b r a t i o n  of t h e  system a f t e r  
a change i n  c o n d i t i o n s  are t h e  s h i f t  i n  t h e  l o c a t i o n  of t h e  
r e a c t i o n  s i tes ,  changes i n  t h e  g a s  phase  and  adso rbed  phase  
compos i t ion ,  and  changes  i n  the c a t a l y s t  a c t i v i t y  a s s o c i a t e d  
w i t h  t h e s e  composi t ion  changes .  
e q u i l i b r a t i o n  of t h e  sys t em may r e q u i r e  as l o n g  as 16 to 24 
hour s  a f t e r  a change i n  o p e r a t i n g  c o n d i t i o n s .  

An a n a l y s i s  of t h e  o p e r a t i n g  c o n d i t i o n s  

It i s  e s t i m a t e d  t h a t  crjmplete 

C .  1 0 0 0 - H O U R  TEST 

The 1000-hour t e s t  was s t a r t e d  on 15 December 1965 u s i n g  

Each r e a c t o r  t u b e  w a s  f i t t e d  w i t h  a 
The s t a n d a r d  

Conversion e f f i c i e n c i e s  were de termined  by 

f o u r  r e a c t o r  t u b e s  i n  se r ies  c o n t a i n i n g  a t o t a l  of 324 grams of 
2% p l a t i n u m  c a t a l y s t ,  
thermocouple  i n  t h e  c e n t e r  of the c a t a l y s t  bed .  
t e s t  c o n d i t i o n s  s e l e c t e d  were 800°C w i t h  a f e e d  ra te  of 20 g 
of N 2 O 4  p e r  hour .  
s ampl ing  b o t h  t h e  i n p u t  a n d  o u t p u t  streams a n d  a n a l y z i n g  for 
N 2 O 4  by the pe rox ide  a c i d  t i t r a t i o n  method. 
problems were e n c o u n t e r e d ,  
t h e  t u b e s  a f t e r  750 h o u r s  and  had t o  be r e p l a c e d .  Less t h a n  
one hour  of  down t i m e  r e s u l t e d .  

Very f e w  mechanica l  
A thermocouple burned  o u t  i n  one of 

The c o n v e r s i o n  e f f i c i e n c y  o b t a i n e d  under  the s t a n d a r d  
c o n d i t i o n s  d u r i n g  t h e  1000-hour p e r i o d  i s  shown i n  T a b l e  5. 

TABLE 5 

N 2 0 4  REACTOR CONVERSION EFFICIENCY 
AT 800°C,20 GRAMS N 2 0 4  FEED/HR 

Time 

60 
80 

250 
470 
675 
750 
900 
975 
1000 

N 2 0 &  Conver ted  

99 
79 
85 
79 
76 
72 (Thermocouple r e p l a c e d )  
8 0  
80 
79 

A f t e r  80 h o u r s  of o p e r a t i o n  c a t a l y s t  a c t i v i t y  d d i n e d  as 
i n d i c a t e d  by  t h e  d e c l i n e  i n  t h e  N204 conve r s ion  e f f i c i e n c y  
( f rom 99 to 79%). 
t e m p e r a t u r e  were also no ted  at this t i m e ,  

S h i f t s  i n  t h e  i n d i v i d u a l  r e a c t o r  i n t e r n a l  
A t  t h e  b e g i n n i n g  of  
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the  t e s t  a l l  of the  r e a c t o r s  were w i t h i n  10°C of 800°C. A f t e r  
8 0  h o u r s  t h e  t e m p e r a t u r e  of f i r s t  r e a c t o r  t ube  had dropped t o  
765"c, the  second tube  remained a t  800"C, the  t h i r d  had r i s e n  
to 845"C, a n d  the  f o u r t h  tube  was a t  810"~. It i s  p o s s i b l e  tha t  
the  t e m p e r a t u r e  v a r i a t i o n s  i n d i c a t e  a s h i f t  i n  the  predominant  
r e a c t i o n  i n  the  f i r s t  r e a c t o r  t o  s imple  r e a c t a n t  h e a t i n g  p l u s  
decompos i t ion :  

N O 2  = N O  + 1/202 ( endo the rmic )  

The exo the rmic  decomposi t ion  of NO i n  t h e  f o l l o w i n g  s e c t i o n s  
e x p l a i n s  the  t e m p e r a t u r e  i n c r e a s e  i n  these r e a c t o r s .  

A f t e r  the  c o n v e r s i n n  e f f i c i e n c y  had s t a b i l i z e d ,  the e f f e c t  
of r e s i d e n c e  t i m e  was de termined  by  v a r y i n g  the  feed  ra tes  o v e r  
the range of 6 t o  29 g N204/hour. 
f o r  e q u i l i b r a t i o n  b e f o r e  conve r s ion  data were taken .  The r e s u l t s  
of these  tes t s  are  shown i n  F i g u r e  7.  It i s  a p p a r e n t  t h a t  much 
l o n g e r  r e s i d e n c e  times or c a t a l y s t  volumes w i l l  be  r e q u i r e d  f o r  
c o n v e r s i o n  e f f i c i e n c i e s  above 85s. The two ext reme p o i n t s  on 
t h i s  cu rve  were r echecked  a f t e r  the  1000-hour t e s t  was completed 
a n d  were w i t h i n  e x p e r i m e n t a l  e r r o r  of t he  e a r l i e r  r e s u l t s .  The 
cu rve  i s  much f l a t t e r  t h a n  e x p e c t e d ,  a n d  i t  i s  u n l i k e l y  t h a t  
97% or greater  c o n v e r s i o n  e f f i c i e n c y  can be o b t a i n e d  w i t h  a 
r e a s o n a b l e  amount of c a t a l y s t .  The data f i t  a second-o rde r  p l o t  
r e a s o n a b l y  w e l l ,  i n d i c a t i n g  t h a t  the o v e r a l l  r e a c t i o n  i s  second 
o r d e r  w i t h  respect  to N 2 0 4 .  

A t  l e a s t  16 hour s  was a l l o w e d  

D .  TASK STATUS 

T h i s  t ask  i s  c o n s i d e r e d  complete a n d  no f u r t h e r  work i s  
p l a n n e d .  We have demons t r a t ed  a n  N 2 0 4  decomposer t h a t  w i l l  
c o n v e r t  80-85% of i n p u t  N204 t o  a g a s  stream c o n s i s t i n g  o f  a 
2 : l  mole r a t i o  of  02 t o  N 2 .  The o u t p u t  stream i s  con tamina ted  
w i t h  unconver t ed  N 2 0 4  and  p robab ly  c o u l d  be used  d i r e c t l y  on ly  
Fr? 9 c o n t a i n e d  e l e c t r o l y t e  or f r e e  a c i d  e l e c t r o l y t e  c e l l .  Some 
~ 0 3 - ~ 0 z  w i l l  be formed i n  t h i s  e l e c t r o i y i e ,  bu t  t h e  d:lzzzlT:ec! 
NZOB would be  i n  e q u i l i b r i u m  w i t h  NO i n  the e x h a u s t  stream a n d  
would be consumed e l e c t r o c h e m i c a l l y  so  t h a t  a s t e a d y  s t a t e  
c o n c e n t r a t i o n  would r e s u l t .  We have demons t r a t ed  p r e v i o u s l y  
t h a t  a P t -  c o n t a i n i n g  H 2  anode can o p e r a t e  i n  such  a con tamina ted  
e l e c t r o l y t e  However, a n  a c i d  ion exchange membrane c e l l  p r o b a b l y  
c o u l d  n o t  be u s e d  w i t h  t h i s  stream because  of o x i d a t i v e  a t t a c k  
on the  membrane. 

For u s e  i n  a n  a l k a l i n e  or i o n  exchange membrane c e l l ,  the  
stream must be p u r i f i e d .  

We had e x p e c t e d  t o  demonst ra te  g rea te r  than  97% conver s ion  
e f f i c i e n c y  by p r o v i d i n g  i n c r e a s e d  r e s i d e n c e  time i n  the 
r e a c t o r .  T h i s  would have demonst ra ted  the  f e a s i b i l i t y  of 
s c r u b b i n g  the stream w i t h  a column c o n t a i n i n g  molecu la r  s i e v e s  
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- or KOH p e l l e t s .  A t  80-858 conver s ion ,  however, t h i s  method 
i s  n o t  feasible  f o r  any r e a s o n a b l e  o p e r a t i n g  t i m e  because  the  
weight  of t h e  s c r u b b e r  would be  t o o  h i g h .  F i g u r e  7 i n d i c a t e s  
t h a t  t h e  weight  of c a t a l y s t  r e q u i r e d  t o  r e a c h  97% c o n v e r s i o n  
would a l s o  be  p r o h i b i t i v e .  For example,  a t  a n  8% c o n v e r s i o n  
on ly  16.4 l b  of c a t a l y s t  would be r e q u i r e d  t o  supp ly  a 1 KW 
f u e l  c e l l  module w i t h  02. For  97% e f f i c i e n c y ,  t h i s  f i g u r e  i s  
over  100 l b  of c a t a l y s t .  

Two a l t e r n a t e  methods a re  a v a i l a b l e  t o  p u r i f y  t h e  stream. 
A double  m o l e c u l a r  s i e v e  column cou ld  be u s e d  i n  which one s i d e  
i s  used  t o  s c r u b  the f e e d  stream w h i l e  the  o t h e r  s i d e  i s  
r e g e n e r a t e d  by v e n t i n g  to t h e  space vacuum ( p o s s i b l y  w i t h  
h e a t i n g ) .  The o t h e r  method i n v o l v e s  t h e  i1se of t h e  e x c e s s  
water s e p a r a t e d  f rom t h e  Aerozine-50 steam r e f o r m e r  p r o d u c t  
stream. The water w i l l  q u a n t i t a t i v e l y  a b s o r b  t h e  N204 f rom 
t h e  decomposer stream, and  a s imple phase  s e p a r a t i o n  would 
produce a stream c a p a b l e  o f  b e i n g  used  i n  any f u e l  c e l l .  
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I V .  PHASE I, TASK 111. DIRECT REACTANT USE 

A. BACKGROUND 

The o b j e c t i v e s  of  t h i s  t a s k  are  to deve lop  e l e c t r o d e  
s t r u c t u r e s  and  t e c h n i q u e s  t h a t  w i l l  a l l o w  t h e  d i r e c t  u t i l i z a -  
t i o n  of gaseous  N204 and Aeroz ine-50  ( 5 0  w t - $  N2H4, 50 wt-k 
UDMH) as r e a c t a n t s  i n  a f u e l  c e l l .  
t h a t  t h e s e  r e a c t a n t s  be  used  e f f i c i e n t l y  i n  a s i n g l e  p a s s  
th rough  t h e  e l e c t r o d e  chamber of t h e  f u e l  c e l l .  

A f u r t h e r  r equ i r emen t  i s  

The N204 ca thode  was developed a n d  demons t r a t ed  under  a 
p r e v i o u s  c o n t r a c t  ( r e f .  2 )  and ,  a l t h o u g h  the p o l a r i z a t i o n  
c h a r a c t e r i s t i c s  were e x c e l l e n t ,  t he  coulombic e f f  i c i e n c i e s  were 
q u i t e  low. The o b j e c t i v e s  d u r i n g  t h i s  c o n t r a c t  a re  to improve 
t h e  coulombic e f f i c i e n c i e s  and t o  demons t r a t e  t h e  e l e c t r o d e  i n  
1/3 ft2 c e l l  s i z e .  A s  r e p o r t e d  i n  t h e  p r e v i o u s  Q u a r t e r l y  
R e p o r t ,  t h e  r e d u c t i o n  of-  a s u b s t a n t i a l  p o r t i o n  o f  t h e  N2O4 
o x i d a n t  to N2 r a t h e r  than  NO h a s  been shown w i t h  our  MRD- 
carbon e l e c t r o d e .  

L i q u i d  Aeroz ine-50  has been i n v e s t i g a t e d  as a f u e l  c e l l  
r e a c t a n t  i n  $he same t e m p e r a t u r e  range  u s e d  for t h e  N2O4 
ca thode  work. 

B. N204 CATHODE 

1. General 

Dur ing  t h i s  q u a r t e r  t h e  1/3 f t 2  N204 c a t h o d e s  have been 
more f u l l y  c h a r a c t e r i z e d .  F i g u r e s  8 and  9 show t h e  ha l f  c e l l  
c o n s t r u c t i o n  and  the r e a c t a n t  f l o w  p l a t e  d e s i g n  used .  The 
c e l l s  were assembled  and  t e s t e d  w i t h  a c o n t r o l l e d ,  measured 
N204 f low ra te .  A H2 dummy" anode was u s e d  and c u r r e n t  was 
c o n t r o l l e d  w i t h  a power supp ly .  

11 

2.  Problems Encountered  

Many problems were encoun te red  i n  o p e r a t i n g  a c e l l  of 
this s i z e .  Some of  t h e s e  problems a re  d i s c u s s e d  i n  t h e  
f o l l o w i n g  p a r a g r a p h s .  

a .  Water Balance  

A c e l l  was c o n s t r u c t e d  u t i l i z i n g  a g e l @ d  e l e c t r o l y t e  made 
from( a - 5 M ' p h ~ s p h o r i c - , . a c i d ~ a n d  c colloidal s i l i c a  gl. An i o n  
exchange  membrane ( I o n i c s  61AZL183) was i n s e r t e d  between t h e  
g e l l e d  e l e c t r o l y t e  and  t h e  "dummy" H2 anode t o  i s o l a t e  t h e  
c a t h o d e  s e c t i o n  a n d  insure t h e  v a l i d i t y  of t h e  a n a l y t i c a l  d a t a .  
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The reference e l e c t r o d e  u s e d  w i t h  t h e s e  c e l l s  c o n s i s t e d  
of a small p l a s t i c  t ube  i n s e r t e d  i n  t h e  g e l  near t h e  e l e c t r o d e  
s u r f a c e  f i l l e d  w i t h  5M phosphor i c  a c i d  l e a d i n g  to a p o t  of t h e  
same a c i d  i n  which a calomel  e l e c t r o d e  w a s - . i n s e r t e d .  T h i s  
method worked v e r y  w e l l  a t  Low,cucrenk, dens3t l . es  
and  b e l o w ) .  
100 amp/ft2,  gas p r e s s u r e  b u i l t  up i n  t h e  c e l l  and  bubbled  o u t  
t h r o u g h  t h e  r e f e r e n c e  e l e c t r o d e  tube .  

(30 amp/ft2 
When t h e  c u r r e n t  d e n s i t y  was i n c r e a s e d  t o  60 and  

The tube  was then  packed w i t h  t h e  same p h o s p o r i c  a c i d  
gel  as was used  f o r  t h e  c e l l  e l e c t r o l y t e .  
r e f e r e n c e  e l e c t r o d e  r e p r o d u c i b l e  ca thode  v o l t a  e s  were 
o b t a i n e d  a t  11 c u r r e n t  d e n s i t i e s  up t o  l00, 'amp f t 2 .  
v a l u e s  a t  60°C are  shown below: 

With t h i s  t ype  of 

T y p i c a l  7 
30 amp/f t2  60 amp/ft2 100 amp/f t2  

i n i t i a l  0.95 0.95 -0.35 

1 Hour 0.94 0.28 -0.65 

The r e a s o n s  f o r  the  s e v e r e  p o l a r i z a t i o n  a t  t h e  h i g h e r  
c u r r e n t  d e n s i t i e s  and  l o n g e r  o p e r a t i n g  t imes were n o t  obvious  
u n t i l  t h e  c e l l  was taken a p a r t .  
d r i e d  o u t  and  had shrunk away from l a r g e  areas of t h e  ca thode ,  
i n d i c a t i n g  a h i g h  water removal r a t e .  It was a l s o  found  t h a t  
t h e  c a t h o d e  was n o t  p r e s s e d  f i r m l y  a g a i n s t  t h e  f l o w  c o n t r o l  
p l a t e ,  t h u s  r e d u c i n g  t h e  N 2 0 4  v e l o c i t y  and  d i s t r i b u t i o n  on t h e  
back  of t h e  ca thode .  

The g e l l e d  c a t h o l y t e  had 

The r e s u l t s  of t h e s e  t e s t s  a rgued  f o r  a f r e e  e l e c t r o l y t e  
c e l l  i n  which a l a r g e  volume of e l e c t r o l y t e  i s  c i r c u l a t e d  
t h r o u g h  the c e l l  t o  m a i n t a i n  a wa te r  b a l a n c e .  
a p p a r e n t  t h a t  more compression on t h e  e l e c t r o d e  was n e c e s s a r y  
t o  i n s u r e  a n  adequa te  seal t o  t h e  r e a c t a n t  f l o w  p l a t e .  
b" - 0 1  - 1 :e s s i ~ h s e a u e n t l y  r e d e s i g n e d  t o  u s e  a pumped e l e c t r o l y t e  
w i t h  a se r ies  of s c r e e n s  aga ins t  t h e  t.lzc;t;.ak tc sr!p,nly t h e  
n e c e s s a r y  compress ion .  The f i n a l  c o n f i g u r a t i o n  used  i s  shown 
i n  F i g u r e  10. 

It was a l s o  

The 

b .  E L e c t r o l y t e  Pumping 

I n  o p e r a t i n g  the r e d e s i g n e d  c e l l s  i t  was q u i c k l y  found 
t h a t  t h e  s t a i n l e s s  s t e e l  pumps t h a t  had r o t a t i n g  g l a n d  type  
seals l e a k e d  e x c e s s i v e l y  when the  phosphor i c  a c i d  e l e c t r o l y t e  
was h e a t e d  to t h e  c e l l  o p e r a t i n g  t e m p e r a t u r e .  Replacemeht of 
t h e  s t a n d a r d  seals w i t h  T e f l o n  s e a l s  d i d  n o t  s t o p  t h e  l e a k a g e .  
N e w  sea l - less  m a g n e t i c a l l y  d r i v e n ,  c e n t r i f u g a l  pumps were 
found  t o  be n e c e s s a r y  f o r  ex tended  o p e r a t i o n .  
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e .  Re fe rence  E l e c t r o d e s  

When the pumped e l e c t r o l y t e  c e l l s  were o p e r a t e d ,  some of 
t h e  p r o d u c t  g a s e s  ( N 2  and  N O )  were d i s c h a r g e d  i n t o  the e l e c t r o -  
l p t e .  These gas b u b b l e s  i n t e r f e r e d  w i t h  reference e l e c t r o d e  
measurements by a c t i n g  as a n  i n t e r m i t t a n t  open c i r c u i t .  A new 
ar rangement  was t r i e d  i n  which t h e  r e f e r e n c e  e l e c t r o d e  w a s  
connec ted  t o  the c e l l  by a Te f lon  tube  c o n t a i n i n g  a glass wick 
s a t u r a t e d  w i t h  e l e c t r o l y t e .  The end of t h e  glass wick w a s  
s p r e a d  ove r  a t h i n  po lyprop lyene  pape r  s e p a r a t o r  t h a t  was p l a c e d  
on t h e  ca thode  s u r f a c e .  T h i s  d e s i g n  worked s a t i s f a c t o r i l y .  

d .  A n a l y s i s  of R e a c t i o n  P roduc t s  

The gaseous  p r o d u c t s  of t h e  c e l l  r e a c t i o n  e x i t  t h e  c e l l  
i n  b o t h  t h e  e l e c t r o l y t e  a n d  ca thode  e x h a u s t  stream. Both  of 
these  streams must be a n a l y z e d  to o b t a i n  a complete  material 
ba lance .  The e l e c t r o l y t e  stream c o n t a i n s  n i t r o g e n  and  n i t r i c  
o x i d e .  Q u a n t i t a t i v e  t es t s  were n o t  made on t h e  g a s e s  b u t  t h e  
q u a l i t a t i v e  t es t s  performed i n d i c a t e d  mos t ly  n i t r o g e n  and  v e r y  
l i t t l e  n i t r i c  ox ide  was p r e s e n t .  

The stream e x i t i n g  from the  back s i d e  of t h e  o p e r a t i n g  
ca thode  c o n t a i n s  N204, NO,  N 2  and  H 2 0  and has proven e x t r e m e l y  
d i f f i c u l t  t o  a n a l y z e .  However, t h e  o v e r a l l  coulombic e f f  i c -  
i e n c y  of t he  e l e c t r o d e  can  be de te rmined  because  t h e  b o t h  
N 2 0 4  i n p u t  r a t e  a n d  t h e  t o t a l  e l e c t r i c a l  c u r r e n t  withdrawn 
f rom the e l e c t r o d e  are  known a c c u r a t e l y .  S i n c e  t h e r e  i s  
d i r e c t  e v i d e n c e  t h a t  N 2  i s  t h e  predominant  r e a c t i o n  p r o d u c t ,  
the  coulombic e f f i c i e n c i e s  were c a l c u l a t e d  on the  b a s i s  of 
comple te  r e d u c t i o n  to N 2 .  

A pumped e l e c t r o l y t e  c e l l  c o n s t r u c t e d  as d e s c r i b e d  above 
was assembldd  w i t h  a 0.050 i n  t h i c k  ca thode  f low p l a t e  and  
mounted i n  the t e s t  s t a n d .  Over  a p e r i o d  of a week t h i s  c e l l  
~ 3 - q  o p e r a t e d  i n t e r m i t t e n t l y  . a t  v a r i o u s  t e m p e r a t u r e s  and  N204 
f l o w  ra tes .  T a b l e  b summarizes iile i -SS3dl tS ~ f ’  these tes t s .  

The r e s u l t s  g i v e n  i n  TkbLe ,6,are r e p r e s e n t i v e  of ca thode  
per formance  t h a t  can  be e x p e c t e d  after one hour a t  each of t h e  
t e s t  conUi tJoos .  aadA,th%refgPe a c e  ,asswfrled t a  be$ .s..teady s ta te  
c o n d i t i o n s .  It may be  n o t e d  that  t h e  performance a t  70°C i s  
much b e t t e r , t h $ n  a t  60°C ,a$ the Sam@ c u m e n t  d e n s i t i e s .  
d i f f e r e n c e  was n o t e d  on ma’ny o c c a s i o n s  and  i s  though t  t o  be 
due t o  changes i n  the d i f f u s i o n  r a t e  of water a n d  r e a c t i o n  
p r o d u c t s  t h rough  t h e  ca thode .  There i s  a l s o  a c o n s i d e r a b l e  
r e d u c t i o n  i n  performance when the  N 2 O 4  feed  ra te  i s  r educed  

T h i s  
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from 3.7 t o  2 . 5  t imes the  s t o i c h i o m e t r i c  amount f o r  30-ampere 
o p e r a t i o n .  

I n  t h e  c o u r s e  of making t h e s e  measurements t h e  c e l l  was 
o p e r a t e d  ove r  a p e r i o d  o f  f i v e  days d u r i n g  which i t  was h e a t e d  
and  c o o l e d  s e v e r a l  t imes.  The data  p o i n t s  shown above were 
r echecked  on s e v e r a l  o c c a s i o n s  a n d  found t o  b e  r e p r o d u c i b l e .  

The c e l l  w i l l  be r eas sembled  u s i n g  a 0.025 i n .  t h i c k  
r e a c t a n t  f l o w  p l a t e  and  a c h a r a c t e r i z a t i o n  t e s t  r u n .  Higher 
N 2 0 4  u t i l i z a t i o n  a n d  b e t t e r  performance a t  60"c i s  e x p e c t e d  
w i t h  t h e  0.025 i n .  f l o w  p l a t e .  

C .  AEROZINE-50 ANODE 

The r e s u l t s  of t e s t i n g  b o t h  l i q u i d  Aeroz ine-50  and  l i q u i d  
anhydrous  N 2 H 4  were d i s c u s s e d  i n  p r e v i o u s  r e p o r t s .  When t e s t e d  
wi th  MRD-carbon/Pt e l e c t r o d e s ,  l i q u i d  anhydrous  N 2 H 4  performed 
as w e l l  as H2 gas i n  s h o r t - t e r m  t e s t i n g .  However, Aeroz ine-50  
demons t r a t ed  poor  p o l a r i z a t i o n  c h a r a c t e r i s t i c s ,  which i n d i c a t e d  
t h a t  the major  r e a c t a n t  a t  the  e l e c t r o d e  s u r f a c e  was UDMH. 
S i n c e  t h e  Aeroz ine-50  vapor  i s  composed p r i m a r i l y  of UDMH, i n  
the  t e m p e r a t u r e  r ange  c o n s i d e r e d  it a p p e a r s  t h a t  t h e  carbon 
l a y e r  on t h i s  e l e c t r o d e  was a c t i n g  as a vapor  d i f f u s i o n  membrane. 
Other membranes t h a t  would a l l o w  more l i q u i d  d i f f u s i o n  were 
t e s t e d ,  b u t  none were found t o  be p r a c t i c a l .  

Dur ing  t h i s  q u a r t e r  s e v e r a l  new t y  es of  e l e c t r o d e s  were 
t e s t e d .  The t e s t  c e l l  used  was a 9 i n . g  f r ee  e l e c t r o l y t e  c e l l  
w i t h  a r e f e r e n c e  e l e c t r o d e  a r rangement  similar t o  t h a t  d e s -  
c r i b e d  for the  N 2 O 4  ca thode  h a l f  c e l l .  The Aeroz ine-50  f u e l  
w a s  me te red  t o  the back  of t h e  e l e c t r o d e  t h r o u g h  a m a n i f o l d i n g  
a r r angemen t  t h a t  i n s u r e d  a n  e x c e s s  of  f u e l .  

The r e s u l t s  of  t h e s e  t e s t s  a re  g i v e n  i n  Tab le  7. None of 
: L c n , t r n d ~ s  nerformed s a t i s f a c t o r i l y  on Aerozine-5Q a n d  I 1  

none i s  c o n s i d e r e h  wor th  f o l l o w i n g  up.  

Another  approach  was t a k e n  t o  t h i s  problem. T h e o r e t i c a l l y ,  
Aeroz ine -50  can be f r a c t i o n a l l y  d i s t i l l e d  t o  s e p a r a t e  i t s  
components .  I f  even  a p a r t i a l  d i s t i l l a t i o n  c o u l d  be accompl ished  
t o  o b t a i n  a - r e l a t i v e l y  e n r i c h e d  N 2 H 4  feed  s t o c k ,  t he  carbon/  
P t  e l e c t r o d e  (or a n  e q u i v a l e n t )  might  be f e a s i b l e .  The major  
problem w i l l  be s e p a r a t i o n  of phases  ( l i q u i d  N 2 H 4  and  vapor  
UDMH) unde r  z e r o - g r a v i t y  c o n d i t i o n s .  We have i n v e s t i g a t e d  a 
number of membranes f o r  t h i s  a p p l i c a t i o n  e 

L i q u i d  Aeroz ine  -50 was c i r c u l a t e d  b e n e a t h  porous  
membranes w i t h  r educed  p r e s s u r e  on t h e  o t h e r  s i d e .  
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Membranes t e s t e d  i n c l u d e d :  

-- MRD Carbon E l e c t r o d e  
- -  Molecular  S i eve -Tef lon  E l e c t r o d e  
-- Porous S t a i n l e s s  S t e e l  Plaque,  2-5p pore  s i z e  
-- Porous Te f lon  ( 0 . 3 ~ ,  6,6p, 11.7~~) 

A l l  of t h e s e  membranes, e x c e p t  t h e  molecu la r  s i e v e  e l e c t r o d e ,  
were w e t t e d  by t h e  Aerozine-50,  which p a s s e d  th rough  as  a 
l i q u i d  phase .  Thus t h e  s e p a r a t i o n  cou ld  n o t  be a c h i e v e d .  The 
molecu la r  s i e v e  e l e c t r o d e  crumbled a f t e r  a b o u t  1 hour  of 
t r e a t m e n t  w i t h  Aeroz ine-50  and t h u s  was n o t  s u i t a b l e .  Very 
l i t t l e  vapor  t r a n s p m t  occur red  b e f o r e  t h e  membrane d i s i n t e -  
g r a t e d .  It i s  p o s s i b l e  t h a t  w i t h  a non-water ing  membrane t h e  
s e p a r a t i o n  can be achieved.. I n c r e a s e d  t e m p e r a t u r e  could  a l s o  
be used  i n s t e a d  of reduced  p r e s s u r e  f o r  a d r i v i n g  f o r c e ,  which 
might cause  l ess  p h y s i c a l  a t t r i t i o n  of t h e  membranes. 

D .  TASK STATUS 

We have s u c c e s s f u l l y  o b t a i n e d  a g r e a t l y  improved N204 
ca thode  coulombic e f f i c i e n c y  p r i m a r i l y  as a r e s u l t  of t h e  
d e s i g n  of a n  e f f i c i e n t  r e a c t a n t  f l o w  p l a t e ,  The e f f i c i e n c i e s  
r e p o r t e d  h e r e  are  n e a r l y  a n  o r d e r  of m a g n i t i t u d e  b e t t e r  than 
t h o s e  r e p o r t e d  on ou r  p r e v i o u s  c o n t r a c t  ( ref  2 )  The cathode 
h a s  been demonst ra ted  i n  a 1/3 f t 2  s$ze at p r a c t i c a l  c u r r e n t  
d e n s i t i e s .  T h i s  p a r t  of the  t a s k  i s  c o n s i d e r e d  comple te .  

The same degree  of s u c c e s s  has n o t  b e e n  r e a l i z e d  w i t h  
t h e  Aeroz ine-50  anode d e s p i t e  t e s t i n g  of a v a r i e t y  of e l e c t r o d e ,  
s t r u c t u r e s  f o r  t h i s  s e r v i c e  Those e l e c t r o d e s  w i t h  s a t i s f a c t o r y  
e l e c t r i c a l  c h a r a c t e r i s i t c s  i n v a r i a b l y  a l s o  caused  e x c e s s i v e  
se l f  -decomposi t ion of t he  f u e l  and/or p r e c i p i t a t i o n  of hydraz ine  
p h o s p h a t e s  due t o  mixing of f u e l  and e l e c t r o l y t e .  

An e i e c i r - & e  c p ~ ~ t ? ~ ~  U from pure anhydrous  N2H4 has  been 
s u c c e s s f u l l y  demonst ra ted  and could  be deve lope6  i'Gi' f x - l  cell 
s e r v i c e  w i t h  a n  N2O4 c a t h o d e .  A more p romis ing  sys tem,  however, 
i s  a H2/N204 c e l l  w i t h  t h e  H2 s u p p l i e d  by the Aeroz ine-50  steam 
reformer. ,  We have p r e v i o u s l y  shown tha t  t h e  H2 anode i s  
compa t ib l e  w i t h  t h i s  ca thode .  
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V. FUTURE PLANS 

We i n t e n d  t o  complete  Phase I1 work ( F i g u r e  2 )  w i t h i n  t he  
n e x t  q u a r t e r .  A t  p r e s e n t ,  c o n s t r u c t i o n  of a t e s t  s t a n d  for 
H 2 / 0 2  ha l f  c e l l  t e s t i n g  on r e fo rmer  streams i s  p r o c e e d i n g .  
The c e l l s ,  pumps, c o n t r o l s  and  a s s o c i a t e d  equipment  w i l l  be 
i n s t a l l e d  and  i n i t i a l  t e s t s  w i l l  be r u n  on t a n k  H 2  and 02 t o  
check  the  sys tem.  The r e f o r m e r s  w i l l  be  r e f u r b i s h e d  a n d  the 
c e l l s  w i l l  then be r u n  on the  r e fo rmer  streams. Both the 
i n p u t  a n d  o u t p u t  streams w i l l  be ana lyzed  d u r i n g  o p e r a t i o n  of 
t h e  c e l l s .  Both H3P04 a n d  KOH e l e c t r o l y t e s  w i l l  be t e s t ed .  

The p u r i f i c a t i o n  s t u d i e s  on r e fo rmer  streams w i l l  i n v o l v e  : 

(1) Running a Pd membrane p u r i f i c a t i o n  u n i t  on the 
s team r e f o r m e r  o u t p u t .  The t e s t  s t a n d  f o r ,  t h i s  
expe r imen t  i s  p r e s e n t l y  under c o n s t r u c t i o n .  

( 2 )  Demonst ra t ing  the  f e a s i b i l i t y  of s c r u b b i n g  t h e  
N 2 0 4  r e f o r m e r  stream t o  remove undecomposed N 2 O 4 .  

( 3 )  Demonst ra t ing  t h e  f e a s i b i l i t y  of  s e p a r a t i n g  the  
e x c e s s  H20 f rom the  h i g h  t e m p e r a t u r e  steam 
r e f o r m e r  stream. 
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AEROZINE-50 STEAM REFORMING DATA SHEET, 1000 €53 TEST 

1st System T e s t  No, 1 C a t a l y s t s  G-72 &"ita &%%B 

Notebook Reference  No. Temperature,  "C 445, 790, 275 

Reac tor  No. a f t e r  last r e a c t o r  Pressure ,  p s i g  50, 5, 5 

Cumulative Time of Gas Volume Rate  23.77 l / h r  (25OC) 
C a t a l y s t  Opera t ion  72 hours  

Moles Gas Produced/hr 0.9662 

$ N 2 H 4  Used 100 

$ UDMH Used 100 

H20 N 2 H 4  T o t a l  - UDMH 

Feed Compcsi t ion,  mole-$ 6 .72  80 .67  12 .60  100 .0  

Feed Composi t ion,  g/hr 3 .429  12.352 3.429 19 .21  

Feed Composi t ion,  mole/hr 0.0572 0.686 0.1071 0.8503 

T o t a l  Output Composition, mole-$ 

UDMH 0 N H 3  <O.l N 2  11.7 c O ~  8.6 

H20 3 1 . 4  Dimethylamine 0 C H 4  0 Ethane 0 
N 2 H 4  0 H 2  48.2 co 0.1 Other 0 

Averape Output Gas Composi t ion:  
..T7 ( n o t  i n c l u d i n g  UDMH, H20,  N 2 H 4 ,  i ~ n 3  c r  ,l\y71,5es) 

H 2  7 0 . 2  N 2  17 .1  CH4 0 CO 0 . 2  C02 12 .6  Ethane 0 

$ H20 Used: 35.8 $ Reforming t o  COa: 106.4 $ t o  C O :  1 . 7  

Moles N H 3  Formed/Hr : 0.0008 

Moles H2 p e r  100 g Aerozine-50 i n p u t :  9.89 

Moles H2 p e r  100 g T o t a l  I n p u t :  3.53 

Hydrogen E f f i c i e n c y  = 98.7% 

by Keldahl  
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AEROZINE-50 STEAM REFORMING DATA SHEET, 1000 HR TEST 

1st 
System Test  No.. 2 C a t a l y s t s  G-72 G-’t& G?@B 

Notebook Reference No. Temperature,  “C 445, 79 0, 275 

Reac to r  NO.  a f t e r  last r e a c t o r  P r e s s u r e ,  p s i g  50, 5, 5 

Cumulative Time of Gas Volume Rate 24.29 l / h r  (25°C) 
C a t a l y s t  Opera t ion  247 hours  

Moles Gas Produced/hr 0.9874 

$ N 2 H 4  Used 100 

$ UDMX Used 100 

UDMH g& N 2 H 4  T o t a l  

Feed Composition, mole-$ 6.72 80 .67  12 .60  100.0 

Feed Composition, g/hr 3.658 13.174 3.658 20.49 

Feed Composition, mole/hr 0.0610 0.7319 0.1143 0.9072 

T o t a l  Output Composition, mole-$ 

UDMH 0 N H 3  0 .2  N 2  11.8 C O 2  8 .1  

H20 33.1 D i m e  t hylamine 0 C H 4  0 Ethane - 0 

N 2 H 4  0 H 2  46.7 co  0.1 Other  

Average Output Gas Composi t ion:  
( n o t  incluci ing GBXiI, ;Iz$, ?!tH.rj NH? o r  Amines ) 

H 2  7 0 . 0  N 2  17.7 C H 4  0 C O  p.2 C02 1 2 . 1  Ethane 0 

% H20 Used: 32 .9  $ Reforming t o  C02: 98 .0  8 t o  C O :  1 . 6  

Moles N H 3  Formed/Hr : 0.0036 by Keldahl  

Moles HE p e r  100  g Aerozine-50 i n p u t :  9 .45 

Moles H2 p e r  100 g T o t a l  I n p u t :  3.37 

Hydrogen E f f i c i e n c y  = 96.5$ 
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AEROZINE-50 STEAM REFORMING DATA SHEET, 1000 HR TEST 

%613 
1st 2nd 

System Test  No.. 3 Catalysts  G-72 G-56B 2 
Notebook Reference No. Temperature,  "C 445. 79 0. 275 

Reactor  No. a f t e r  l as t  reac tor  P r e s s u r e  , p s i g  5 O J  5, 5 

Cumula t ive  Time of Gas Volume Rate 22.244 l / h r  ( 2 5 O C  ) 
C a t a l y s t  Opera t ion  335 hours 

Moles Gas Produced/hr 0.9043 

$ UDMH Used 100 

UDMH N 2 H 4  T o t a l  

Feed Composi t ion,  mole-$ 6.72 80.67 12.60 100.0 

Feed Composi t ion ,  g/hr 3.373 12.148 3.373 18.894 

Feed Composi t ion ,  mole/hr 0.0562 0.6749 0.1054 0.8365 

T o t a l  Output  Compos i t ion ,  mole-$ 

UDMH 0 N H 3  0.3 N 2  11.8 COB 7 . 4  

H 2 0  33 .9  D i m e t h y l a m i n e  0 C H 4  0 Ethane  0 - 

N 2 H 4  0 H 2  46.4 C O  0 . 2  Other 0 

Average Output  Gas Compos i t ion :  
( n o t  i n c i u a i r ~ g  G X E ,  XzQ, NzH+? N H 3  or A m i n e s  ) 

H 2  70 .7  N 2  1 7 . 8  C H 4  0 C O  0.3 C O 2  11.3 E t h a n e  0 

$ H 2 0  Used: 30.7 $ Reforming t o  C O P :  90.9 $ t o  C O :  2.4 

Moles N H 3  Formed/Hr : 0.0041 

Moles H2 per 100 g A e r o z i n e - 5 0  i n p u t :  9 .48 

Moles H 2  per  100 g T o t a l  I n p u t :  3.38 

Hydrogen E f f i c i e n c y  = 96.8% 

by Ke ldah l  
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AEROZINE-50 STEAM REFORMING DATA SHEET, 1000 HR TEST 

1st 2n 3rt System T e s t  No, 4 C a t a l y s t s  c-73 - - - 
Notebook Reference N o .  Temperature ,  O C  445, 790, 375 

R e a c t o r  N O .  a t e r  last r e a c t o r  P r e s s u r e ,  p s i g  50,  5. 5 

Cumulative Time of Gas Volume Rate 24.195 l / h r  (25OC ) 
C a t a l y s t  Operat i o n  557 hours  

Moles Gas Produced/hr 0.9835 

$ N 2 H 4  Used 100 

$ UDMH Used 100 

UDMH - H 2 0  " 4 -  T o t a l  

Feed Composi t ion,  mole-% 6.72 80.67 1 2 . 6 0  100.0 

Feed Composi t ion,  g/hr  3 . 7 2 2  13.406 3 .722  20.850 

Feed Composition, mole/hr 0.0620 0.7448 0.1163 0.9231 

T o t a l  Output Composition, mole-$ 

UDMH 0 "3 0 .9  NE 1 1 . 2  C02 8 . 2  

Ethane 0 

N 2 H 4  0 H 2  46.3 co  0.1 O t h e r  0 

- H 2 0  33.4 Dimethylamine 0 CH4 0 

Average Output Gas Composi t ion:  
( n o t  i n c i u d i l i b  lEEZ, EzO, N ~ H A .  NH3 or Amims) 

H a  70.4 N 2  1'7.0 C H 4  0 GO 0.2 C O 2  1 2 . 4  Ethan? 0 

% H 2 0  Used: 33.0 % Reforming t o  C O P :  38.4 $ to CO: 1.6 -_-__ 

Moles N H 3  Formed/Hr : 0.0134 by Keldahl  

Moles H2 p e r  100 g Aerozine-50 i n p u t :  9 .30 

Moles H2  p e r  100 g Total I n p u t :  3 . 3 2  

Hydrogen E f f i c i e n c y  = 95.6 
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AEROZINE-50 STEAM REFORMING DATA SHEET, 1000 HR TEST 

System T e s t  No, 5 C a t a l y s t s  Gi@ GzFZB G%B 

Notebook Reference  No. Temperature,  O C  445, 790, 275 

50, Reac to r  No. af ter  l a s t  r e a c t o r  P r e s s u r e ,  p s i g  5, 5 

Cumula t ive  Time of 
C a t a l y s t  Opera t ion  662 hour s  

Gas Volume Rate 24.03 l / h r  (25OC) 

Moles Gas Produced/hr 0.9770 

$ N 2 H 4  Used 100 

$ UDMH Used 100 

N 2 H 4  T o t a l  

Feed Composi t ion,  mole-$ 6 .72  80.67 12 .60  100 .0  

H20 - UDMH - 

Feed Composi t ion,  g/hr  3 .630  13.075 3 .630  20.335 

Feed Composi t ion,  mole/hr 0.0605 0.7264 0.1134 0.9003 

T o t a l  Output Composition, mole-$ 

UDMH 0 NH3 0.8 N 2  11 .4  C O 2  8.2 

H20 3 2 . 9  Dimethylamine 0 CH4 0.1 Ethane -0- 

N 2 H 4  0 H 2  46.5 C O  0 .1  Other 0 

Average Output Gas Composition: 
( n o t  i n c l u d i n g  UDMH, H20, N 2 H 4 ,  NH3 o r  Amines) 

H 2  70.1. N 2  1 7 . 2  CH4 6 . 2  co  0.2 C02 1 2 . 3  Ethane 0 

$ H 2 0  Used: 33.4 $ Reforming t o  C02: 99.3 $ t o  C O :  1.7 

Moles NH3 Formed/Hr: 0.0119 by Keldahl  

Moles H2 p e r  1 0 0  g Aerozine-50 i n p u t :  

Moles H 2  p e r  100  g T o t a l  I n p u t :  3 .37 

Hydrogen E f f i c i e n c y  = g6.4$ 

9.43 
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AEROZINE-50 STEAM REFORMING DATA SHEET, 1000 HR TEST 

C a t a l y s t s  G-72 1st G&% G - B  
System T e s t  No. 6 

Temperature,  O C  445, 79 0 ,  275 Notebook Reference No. 

50,  Reactor  No. q f te r  last  r e a c t o r  P r e s s u r e ,  p s i g  5 ,  5 

Cumula t ive  Time of Gas Volume Rate  25.503 l / h r  (25OC) C a t a l y s t  Operat ion 859 hours 
Moles Gas Produced/hr 1.0367 

$ N 2 H 4  Used 100 

$ UDMH Used 100 

- UDMH - H20 N2H4 T o t a l  

Feed Composition, mole-$ 6.72 80.67 12 .60  100.0 

Feed Composition, g/hr 3.849 13.862 3.849 21.560 

Feed Composition, mole/hr 0.0641 0.7701 0.1203 0.9545 

T o t a l  Output Composition, mole-$ 

UDMH 0 NH3 0.7 
CH4 0 - 2  Ethane 0 - H20 3 2 . 8  Dime t hylamine 0 

Average Output Gas Composition : 
( n o t  i n c l u d i n g  UDMH, H20, N 2 H 4 ,  NH3 o r  Amines) 

$ H20 Used: 33.5 $ Reforming t o  C02: 99.4 $ t o  C O :  2 . 4  - -  - 

Moles NH3 Formed/Hr : 0.0114 by Keldahl  

Moles Ha p e r  100 g Aerozine-50 i n p u t :  

Moles H 2  p e r  100 g T o t a l  I n p u t :  

Hydrogen E f f i c i e n c y  = 96.2$ 

9.42 

3.36 
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AEROZINE-50 STEAM REFORMING DATA SHEET, 1000 HR TEST 

System Test No.. 7 C a t a l y s t s  G-72 1st G2%B - G % % 3  

Notebook Reference No. Temperature,  "C 445,  79 0. 275 

Reac to r  N o . a f t e r  las t  r e a c t o r  P r e s s u r e ,  p s i g  50, 5, 5 

Cumulative Time of Gas Volume Rate 23.84 l / h r  (25OC:) 
C a t a l y s t  Opera t ion  1000 hours 

Moles Gas Produced/hr 0.9691. 

$ UDMH Used 100 

UDMH g& N p H 4  T o t a l  

Feed Composi t ion,  mole-$ 6.72 80.67 12 .60  100.0 

Feed Composition, g/hr 3.450 12.422 3.450 19.322 

Feed Composi t ion,  mole/hr 0.057' 0.6901 0.1078 0.8555 

T o t a l  Output Composition, mole-$ 

UDMH 0 N H 3  0.7 N 2  11.5 C O 2  7.8 

H 2 0  33.5 Dimethylamine 0 C H 4  0 .2  Ethane 0 

N 2 H 4  0 H2 46.1 C O  0 .2  Other  0 

Average Output Gas Composition: 
( n o t  i n c l u d i n g  UDMH, H26, i<2&, E- Amines) 

H 2  69 .6  N 2  17.7 CH4 0.3 CO 0.3 C 0 2  1 2 . 1  E t h a n e  0 

$ H 2 0  Used: 3 4 . 4  $ Reforming t o  C 0 2 :  1 0 2 . 0  $ t o  C O :  2 . 5  

Moles N H 3  Formed/Hr : 0.0126 by  Keldahl  

Moles H e  p e r  100 g Aerozine-50 i n p u t :  9.35 

Moles H2 p e r  100 g T o t a l  I n p u t :  3.34 

Hydrogen E f f i c i e n c y  = 95.6s 
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A P P E N D I X  I1 

COMPUTER PROGRAM FOR CALCULATION 

OF E Q U I L I B R I U M  STEAM REFORMING 

PARAMETERS OF A E R O Z I N E - 5 0  

4 5  



101. -READY 
166. +REAw 
101. = CF 
102. = PRINT 1 
103. = 

101. = 
105. = 
106. = 
107. = 
108. = 
109. = 
110. = 
111. = 
112. = 
113. = 
114. = 
115. = 
116. = 
117. = 
118. = 
119. = 
120. = 
121. = 

122. = 
123. = 

124. = 
125. = 
126. = 
127. = 
128. = 
129. = 

, 130. = 
131. = 
132. = 
133. = 
134. = 
135. = 
136. = 
137. = 
138. = 
139. = 
140. = 
141. = 
142. = 
143. = 
:#:I! P 

145. = 
146. = 
147. = 
148. = 
149. = 
150. = 
151. - 
152. = 
153. = 
154. = 
155. = 

156. = 
157. = 
158. = 
159. = 
160. = 
161. = 
162. = 
163. = 
164. = 
165. = 
166. +READY 

lOFOIF(AT(39-l ENTER VALUES FOR EQUIL. STEAM REFOW. 52H CONST.,SIIFT 
lCONST., I N W ,  GM ATMS H2, (El ATOMS C, 
WS INERT DIA 4OH lMC GAS, ELIMR, E L I 6  AN0 T W  DEG K 

/ 31H GM ATMS 02, GM AT 
/ 23H P 

. 4llES.S PSlG XCESS H2O ) 
ff READ O,AKR,AKS,AHGA,ACGA,AOGA,ANGA,ELl~,ELl~,T~,XPSlG,XCESS 

CH41=.011 
CO2r.l 
DcHl=lO. 
Dc02=10. 
KKIO 
GD TO 5 

3 KK=KK+l 
ELIMR=ELIMR/2. 
ELIMS=ELIK/2. 
OW4 =DcH4/ 10. 
OC02=OC02/l0. 

5 00 101 I=l.CO 

20 

15 
CF 

100 
101 
102 
10 3 

110 

120 
CF 

130 

CF 

. -  
CONT I WE 
PRINT 15 
FORMT(6X, 3HW,lSX, 3HCO2,15X,3hXKR, 15X,3HXKS ) 
PRINT O,CHb,COZ,XKR,XKS 
Go To 102 
COElTlNUE 
CONTINUE 
I F  (KK-4)103,110,110 
CH4 1-ai4-oCH4 
CO2=CO2-m2 
GO TO 3 
CONT I W E  
H2=. 5*AHGA+ACGA+ CO2-Am- 3. *CH4 
co=AcGA-w2-cHI, 
H204XA+OIB-ACGA-C02 
XN2 = ,5*ANCA 
TOT=.!i+ANGA+ACGA+.5+AHGA-2.*U-l4 
PRINT 120 
FOMT(7X,2HH2, 15X,3HXN2,15X,3HC02,16X,2t~CO, 15X, 3 t I W ,  1 5 X ,  3HHZO 
PRINT O,H2,XN2,COZ,CO,CHI(,H20 
H2PC=HH2+1w ./TGT 
XN2PC=XN2*100 ./TOT 
CO2PC-W2*100 ./TOT 
COPC=C0+100 ./TOT 
CH4PC=CHb*lW ./TOT 
H20PC=H20*100./TOT 
PRINT 130 
FOWT(MX,39HMDLE PERCENT OF EACH SPECIES AT EQUIL. 

) 

1 

PRINT O,HZPC,XNPPC,WLPC,WPC,CH4PC,HZOPC 
PRINT 135 

1350FOWT(40HCHECK FO SIGNIFICANCE OF Mi3 FOWATION 
LEOR Ni3 FOWATION CONST. CORRECTED FOR PRESS. 1 

I58HEFITER VALUE 

CF 

136 
137 

138 
139 
140 

READ 0 AKNi3 
XNi3=AkNM*HZ+*l. 5/TOT 
I F (XW3-1.)136,136,138 
PRINT 137 
F O W T ( 2 l H W 3  FOWTION INSIGN. 1 
Go TO 140 
PRINT 139,XN13 
FOWT(28HMi3 FOWTION IS SlGNlCANT / ShXNi3=,F8.3 ) 
CONTINUE 
END 
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The N 2 O 4  gas i s  bubbled through a lC$ H 2 0 2  s o l u t i o n  .made 
up from 67mi of d i s t i l l e d  water and  33ml of 3 6  H202 f o r  a 
measured time. Depending on f low rate ,  a sample can  be c o l l e c t e d  
from 2 t o  30 minutes .  The pe rox ide  i s  used t o  c o n v e r t  the  n i t r i c  
o x i d e s  comple t e ly  t o  n i t r i c  a c i d ,  rather t h a n  t o  a mixture  of 
n i t r i c  and  n i t r o u s  a c i d s .  

The s o l u t i o n  i s  e q u i l i b r a t e d  f o r  a t  l eas t  1 hour  ( p r e f e r a b l y  
o v e r n i g h t  1. Then a n  a l i q u o t  i s  withdrawn and  t i t r a t e d  w i t h  
s t a n d a r d  sodium hydroxide s o l u t i o n ,  u s i n g  a methgl red p l u s  
methylene b l u e  i n d i c a t o r .  The end p o i n t  i s  observed  when the 
c o l o r  changes from p i n k  t o  g reen  (about  pH 4-4.5). T h i s  i n d i c a t o r  
i s  used  because  the pe rox ide  present  i n  the s o l u t i o n  would i n t e r -  
fere  a t  higher p H .  
l i t t l e  e r r o r  i s  i n t r o d u c e d  by t ak ing  the end p o i n t  a t  p$G:t.5 
i n s t e a d  of p H  7.0.  

S ince  n i t r i c  a c i d  i s  a s t r o n g  a c i d ,  

The grams of N204/hour are c a l c u l a t e d  as f o l l o w s  : 

g N204/hour = (M1 NaOH)  , (Normal i ty)  X 60 min/hour X 
2~ minutes  t o  

c o l l e c t  sample 

l O O m l  X 0.092 g / m i l l i -  
a l i q u o t  mole 
withdrawn N 2 0 4  

"03 + N q O H  -b NaNOS + H 2 0  

I n d i c a t o r  i s  : 

0.1% Methyl r e d  
0.005% Methylene b l u e  
D i s s o l v e a  i n  a l c ~ h z l  
Use 5-7 d rops  f o r  each sample 
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E v e r e t t ,  M a s s a c h u s e t t s  02149 
A t t e n t i o n :  D r .  J. Smi th  

Power S o u r c e s  D i v i s i o n  
W h i t t a k e r  C o r p o r a t i o n  
9601 Canoga Avenue 
Cha t swor th ,  C a l i f o r n i a  91311 
A t t e n t i o n :  Dr. M. Shaw 

Radio  C o r p o r a t i o n  of  America 
A s t r o  D i v i s i o n  
Heights town,  New J e r s e y  
A t  t e n t  Ion  : D r  . Seymour Wlnkler  

Space Technology L a b o r a t o r i e s ,  I n c .  
2400 E. E l  Segundo Boulevard  
E l  Segundo, C a l i f o r n i a  
A t t e n t i o n :  D r .  A .  Krauz 

S t a n f o r d  Resea rch  I n s t i t u t e  
820 Miss ion  S t r ee t  
Z.e-t? pnsadena ,  C a l i f o r n i a  
A t t e n t i o n :  D r .  F r i t z  tk i iwi i i ;?  

Thloko l  Chemical C o r p o r a t i o n  
R e a c t i o n  Motors D i v i s i o n  
D e n v i l l e ,  New J e r s e y  
A t t e n t i o n :  D r .  D. J. Mann 

Tyco L a b o r a t o r i e s ,  I n c .  
Bear  H i l l  
Waltham 54, Massachuse t t s  
A t t e n t i o n :  W .  W .  B u r n e t t  

Un i v  e r s it  y of Pe nnsy 1 van la  
P h i l a d e l p h i a ,  Pennsy lvan ia  19104 
A t t e n t i o n :  D r .  Manfred A l t m a n  

Union C a r b i d e  C o r p o r a t i o n  
12900 Snow Road 
P a r m a ,  Ohio 
A t t e n t i o n :  D r .  George E. Evans 

The Western  Company 
S u i t e  802, iiCA 3~ilding 
Washington ,  D ,  C .  
A t t e n t i o n :  R .  T. F i s k e  

I n s t i t u t e  of Gas Technology 
S t a t e  a n d  3 4 t h  Streets 
Chicago, I l l i n o i s  
A t t e n t i o n :  M r .  Bernard  Bakef. 

Johns Hopkins U n i v e r s i t y  
Applied P h y s i c s  Labora tory  
8621 Oeorgia  Avenue 
S i l v e r  S p r i n g ,  Maryland 
A t t e n t i o n :  W .  A .  Tynan 

Midwest Research I n s t i t u t e  
425 Volker  Boulevard 
Kansas C i t y  10, Missour i  
A t t e n t i o n :  D r .  B. k'. Beadle  

North American A v i a t i o n ,  I n c .  
SScID D i v i s i o n  
Downey, C a l i f o r n i a  
A t t e n t i o n :  D r .  James Nash 

P r a t t  SC Whitney A i r c r a f t  D i v i s i o n  
Uni ted  A i r c r a f  t Corpc ra t  i c n  
E a s t  H a r t f o r d  8, Connec t i cu t  
A t t e n t i o n  : L i b r a r i a n  

Rocke tdyne  
6633 Canoga Avenue 
Canoga P a r k ,  C a l i f o r n i a  
A t t e n t i o n :  L i b r a r y ,  Dept.. 586-304 

Spee r  Carbon Company 
Research  and Development Lab cra t o r  l e  s 
Packard Road a t  4 7 t h  S t r e e t  
Nlagrtra F a l l s ,  New York  
A t t e n t i o n :  Dr. L. M. L i g g e t t  

Texas I n s t r u m e n t s ,  Inc. 
13500 Ncr th  C e n t r a l  Expressxay 
Dallas, Texas 
At tenc iur l .  !??. f - a r  T r e c h t e n b e r q  

Thomsan Ramo Wcoldrldge, I n c .  
23555 E u c l l d  Avenue 
C leve land ,  Chic 114117 
A t t e n t i o n  : L i t r a r i i t n  

Un ivers 1 t y  of  Pennsy lvan  In  
P h l l e d e l p h i a ,  Pennsylvania  131 Ca 
A t t e n t i o n :  P r o f .  John  C ' M  2~ c'rcrls 

Ilnlf l e d  Sc ience  Assoc i t l t e s ,  I n c  .. 
826  South  A r m y L  Parkx:iy 
Pasadena ,  Cal if c r n i a  
A t t e n t i o n :  D r .  Ssm Naidl t r*t l  

Un l v e r a  i t  y of Cul If orn  i r r  
Space Sc ience  Labora t c ry  
Berkeley 4, C a l i f c r n i t l  
A t t e n t i o n :  P r o f .  C h a r l e s  h .  T c k i : , s  

Yardney E l e c t r i c  Corpcr:it l c r i  
45-50 Leonard S t r e e t  
New Ycrk, N e w  Yoru 
A t t e n t  I o n  : D r .  Paul H?;\ard 


